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Abstract

Despite being one of the most widely used benchmarks for qualifying light water reactor (LWR) radiation

transport methods and data, no benchmark calculation of the Oak Ridge National Laboratory (ORNL) Pool

Critical Assembly (PCA) pressure vessel wall benchmark facility (PVWBF) using MCNP6 with explicitly-

modeled core geometry exists. As such, this paper provides results for such an analysis. First, a criticality

calculation is used to construct the fixed source term. Next, ADVANTG-generated variance reduction

parameters are used within the final MCNP6 fixed source calculations. These calculations provide unadjusted

dosimetry results using three sets of dosimetry reaction cross sections of varying ages (those packaged with

MCNP6, from the IRDF-2002 multi-group library, and from the ACE-formatted IRDFF v1.05 library).

These results are then compared to two di�erent sets of measured reaction rates. The comparison agrees in

an overall sense within 2% and on a specific reaction- and dosimetry location-basis within 5%. Except for

the neptunium dosimetry, the individual foil raw calculation-to-experiment comparisons usually agree within

10% but is typically greater than unity. Finally, in the course of developing these calculations, geometry

that has previously not been completely specified is provided herein for the convenience of future analysts.
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I. Introduction

This paper provides results for an analysis of the Oak Ridge National Laboratory (ORNL) Pool Critical

Assembly (PCA) pressure vessel wall benchmark facility (PVWBF) with explicitly-modeled core geometry

using MCNP6. The ORNL PCA PVWBF is one of the most widely used benchmarks for qualifying light

water reactor (LWR) radiation transport methods and data. Since its publication in 1997, Reference 1 has

provided a well-defined neutron source, material compositions, and geometry to calculate reaction rates at

various positions external to the PCA core to compare against measured reaction rates.

The PCA benchmark report, Reference 1, used several discrete ordinates DORT (Ref. 2) calculations

with homogenized fuel regions to calculate 2D neutron flux solutions that were synthesized with DOTSYN

(Ref. 3) to develop 3D solutions. These 3D solutions were then folded with dosimetry reaction cross sections.

In addition, various full 3D calculations have been performed with codes such as THREEDANT (Refs. 4, 5),

MCNP3A (Refs. 4, 6), TORT (Refs. 7, 8, 9), RAPTOR-M3G (Refs. 10, 11), and PENTRAN (Refs. 12, 13).

However, all of these analyses also used homogenization within the core region. Reference 14 compared

results using both homogenized and explicit core geometry with TRANSFX (Ref. 15). Recent analyses

(Refs. 16, 17, 18) performed 3D Monte Carlo calculations with explicit core geometry with KENO and

Monaco from the SCALE 6 suite of analysis codes (Ref. 19) and TRIPOLI (Ref. 20). Note that Reference 17

approximated the fuel plates as flat whereas References 16, 18 modeled the curved fuel plates exactly.

Regardless, until now no MCNPr calculation has been performed with explicitly-modeled core geometry.

In this analysis, MCNP6’s constructive solid geometry (CSG) capability is used to construct the model

geometry. Exercising MCNP6’s unstructured mesh (UM) geometry system is left as future work.

This paper briefly describes the PCA experimental configuration and MCNP6 model geometry at two

levels of model detail. It then details the calculational process which includes explicitly calculating the

fixed source term based on a criticality calculation, retrieving appropriate dosimetry reaction cross sections,

generating variance reduction parameters, and performing the final fixed source calculations. Finally, the

results are presented which allow a comparison between the calculations herein and two sets of experimental

values as well as between dosimetry reaction cross sections packaged with MCNP6 (Ref. 21), those available

from the IRDF-2002 multi-group library (Ref. 22), and those provided with the ACE-formatted IRDFF v1.05
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library (Ref. 23). In addition, explicit control and regulating rod geometry specifications are given in an

appendix to provide a consistent basis for future explicit modeling e�orts.

II. Experiment Description & Model Geometry

The PCA reactor core consists of 5 ◊ 5 assemblies (each assembly square with approximately 8-cm sides and

an active fuel region approximately 60 cm long) consisting of slightly curved highly-enriched (93%) uranium

fuel plates encapsulated within aluminum. Typical assemblies have 18 fuel plates. Additional core geometry

details are omitted here because they are available in Reference 1. However, note that four assemblies house

either one of three B4C-based control rods or a stainless steel 347 regulating rod. Reference 1 does not

provide explicit geometric details for the control or regulating rods. The dimensions used for the analysis

herein (Ref. 24) are provided in Appendix A for the convenience of future analysts.

The PCA PVWBF is reconfigurable to examine di�erent ex-core component arrangements. Ex-core

components include an aluminum core face simulator adjacent to the core and, moving radially outward,

a stainless steel thermal shield, carbon steel pressure vessel simulator, and thin-walled aluminum air-filled

box. The most commonly analyzed configuration (and the one analyzed herein) is the “12/13” configuration

indicating that the water gaps between the core face simulator and thermal shield and between the thermal

shield and pressure vessel are 12 and 13 cm, respectively. This arrangement is usually chosen because it

most-closely approximates the spacing found in commercial LWRs. Regardless, within these components

and the water gaps between them, aluminum experiment tubes (labeled A1–A8, B3, B5) are situated which

contain dosimeters at the core midplane elevation and are otherwise filled with surrogate material to minimize

perturbing the flux near the dosimetry. Traditionally, results are reported for six dosimetry reactions:

• 27Al (n, –) 23Na,

• 58Ni (n, p) 58Co,

• 103Rh (n, nÕ) 103mRh,

• 115In (n, nÕ) 115mIn,

• 238U (n, f) 137Cs, and

• 237Np (n, f) 137Cs
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at dosimetry positions A1–A7. As such, those are the reactions and positions analyzed herein. Figure 1

shows a plan view of the model geometry. Only the dosimetry positions analyzed herein (A1–A7) are labeled

to avoid obscuring the figure. Figure 2 shows a detailed plan view of a control rod which also illustrates the

curvature of the fuel and inter-assembly gaps. Figure 3 shows the six multi-group dosimetry reaction cross

sections from IRDF-2002 to illustrate the range of energies surveilled (with between 169 and 641 groups used

for a given reaction).

In order to perform the calculations herein, two geometry models are used. First, a detailed model is

constructed using the geometry and material information from References 1, 24 to model all dimensions and

materials explicitly (as shown in Figures 1 and 2). This detailed model is used for performing the criticality

calculations to define the fixed source term and then ultimately the fixed source calculations. Next, a model

with simplified core geometry is created to enable automated variance reduction with ADVANTG (Ref. 25).

The primary di�erence between the detailed and simplified model is that the simplified core region contains

5 ◊ 5 cells of smeared materials in the core region (with one cell per fuel assembly) and is therefore not

shown. The simplified model is created for two reasons. First, it alleviates the material smearing burden that

ADVANTG would otherwise bear by manually smearing each assembly with the material given in Table 2.1

of Reference 12. If the smearing operations are left to ADVANTG, performance degradation and sporadic

instability are observed. Also, the simple models explicitly include dosimetry reaction cross sections as tally

response modifiers (using the MCNPr
e0/em0 cards) because ADVANTG cannot use reactions specified as

tally multipliers provided directly by nuclear data files (with the MCNPr
fm card). More detail regarding

the application of ADVANTG to generate variance reduction parameters is given in Section III.B. Following

the ADVANTG executions, fixed source calculations are executed using the detailed model to directly obtain

the desired reaction rates.

III. Calculational Process

Each of the MCNPr calculations use a consistent “bleeding edge” (i.e., nightly-build) version of MCNP6,

version 6.1.2. The latest nuclear data libraries supplied with MCNP6 are used. All MCNPr calculations use

the default library for each material’s constituent isotope. The criticality calculation uses 250 batches of
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neutrons (with the first 50 batches discarded) with 10,000 neutrons per batch. The fixed source calculations

use 30 million histories.

III.A. Criticality Calculation To Determine Fixed Source Distribution

Reference 1 provides radial and axial relative power density distributions to construct a fixed source term

intended for use with smeared fuel assemblies. Because this calculation uses explicit geometry, MCNP6’s

internal ability to generate fixed source points from a pair of criticality calculations is used instead. The

general process is as follows:

1. Perform an initial criticality calculation to calculate a converged source term using the detailed ge-

ometry model shown in Figure 1. In this case, the final calculated e�ective eigenvalue is 0.99938 ±

0.00059 (1‡) which is su�ciently close to critical for the purposes herein to believe that the explicit

core geometry and material arrangements are specified correctly. Furthermore, this calculation passes

the Shannon entropy check within MCNP6 (neutron cycle 11 is the first cycle having fission source

entropy within one standard deviation of the average entropy of the last half of the cycles calculated)

while the first 50 cycles are discarded.

2. Perform a second “criticality calculation” that merely reads the automatically created source tape file

from the earlier calculation (containing criticality source term information) and writes a source (with

the ssw card) for each of the fuel-bearing geometry cells. The e�ect of this is to write a file containing

source points within each of the fuel-bearing cells suitable for use in a fixed source calculation (by

default, named wssa). Note that this process re-uses MCNP’s surface source write/read functionality

where, in the special case of geometry cells that contain fissile material, rather than points on a surface

the source locations are distributed throughout one or more fissile volumes.

The wssa file is created with 40 million source points to ensure that none are reused in the final fixed source

calculations.
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III.B. Generation of Variance Reduction Parameters

Next, dosimetry reaction cross sections are retrieved from the IRDF-2002 multi-group library using JANIS

(Ref. 26) for the six reactions of interest. The data for each reaction is exported from JANIS, converted

from an eV-based to MeV-based energy mesh (to be consistent with MCNP6), and formatted into multi-

column tally response multiplier inputs (e0/em0 cards) which are appended to six separate MCNPr input

files, one for each reaction (which are otherwise identical). In all cases, the group structure used in IRDF-

2002 is maintained in the MCNPr input files. Six separate files are used because of the variation in

the energy response of the six reactions: minimizing the tally variance for all reactions at all detector

positions concurrently gives substantially worse performance than doing so for each reaction individually.

This behavior is particularly driven by the 27Al (n, –) 23Na reaction which has a threshold energy of about

6.5 MeV. Regardless, each of the preceding six input files (using the simplified model geometry) are executed

with ADVANTG to generate mesh-based energy-dependent weight windows. All ADVANTG calculations

use P1 scattering, 2 polar, and 2 azimuthal directions with a pre-packaged ANISN-formatted library with

27 neutron groups and 19 photon groups (Ref. 27). In all cases, the ADVANTG x spatial mesh runs from

-150 cm to +150 cm, the y spatial mesh runs from -100 cm to +100 cm, and the z mesh runs from -100 cm

to +150 cm with 50 mesh intervals in each of the three cardinal directions and completely encompasses

the MCNPr model geometry. ADVANTG is executed using the FW-CADIS methodology to attempt to

uniformly reduce the variance for the given reaction in the input file at each of the seven dosimetry locations

(i.e., A1–A7). As a result, six mesh-based weight window files are generated (one for each reaction).

III.C. Final Fixed Source Calculations

Using the six mesh-based weight window files generated by ADVANTG, MCNP6 is executed using the

detailed geometry model in three configurations: using MCNP6’s pre-packaged dosimetry reaction cross

sections specified with the fm card, using the multi-group dosimetry reaction cross sections from IRDF-2002

specified on the e0/em0 cards, and using IRDFF v1.05 dosimetry reaction cross sections loaded with the

xsN card and specified with the fm card. When using MCNP6’s pre-packaged data, the 58Ni (n, p) 58Co and

115In (n, nÕ) 115mIn reactions are from the ENDF/B-V-based 532DOS library and the remaining four reactions
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are from the LLNL-evaluated ACTL/LLLDOS library. Because of the need for distinct weight windows for

each reaction, a total of 18 fixed-source calculations are executed from which results are compiled.

Each of the MCNP6 executions use two types of tallies: track-length (F4) and point detector (F5). The

F4 tallies are over a sphere with a radius of 1 cm centered within the experiment tubes at the core midplane

elevation. Each F5 detector is centered within the associated F4 tally region. The F4 tallies are used to

validate the F5 results (where all F4 and F5 results agree within 2‡ with one exception and usually within

1‡). As such, the F5 results are presented herein because of the consistently lower uncertainties relative

to the F4 results (which have uncertainties less than 8% (1‡) and usually less than 2%). In all cases, no

spectral adjustment methods are applied; all results are compared directly with the measured normalized

reaction rates.

IV. Calculation Results

The results of this work are compared to the experimental results reported in Ref. 7 directly. To provide

a consistent basis for comparison between this work and Ref. 1, dosimetry reaction rates normalized per

source neutron are calculated as

R

x

= „ · �
x

· 10≠3 · 10≠24 (1)

where

R

x

is the normalized dosimetry reaction rate for reaction x [s≠1],

„ is the fission-equivalent flux from Table 1.6 of Ref. 1 [cm≠2·s≠1],

�
x

is the reaction cross section for reaction x averaged over the 235U fission spectrum from Table 1.6

of Ref. 1 [mb], and

10≠3
, 10≠24 are scaling factors [b·mb≠1] and [cm2·b≠1], respectively.

The resulting dosimetry reaction rates are shown in Table I. Note that Table I gives combined uncertainties for

fissile reactions and only experimental precision uncertainties for the remaining reactions which include foil

size corrections, counting statistics, dead time, pileup and background corrections, corrections for interfering

7 of 31



reactions, run-to-run monitoring, and positional uncertainties for a given experiment position (combined

uncertainties for these remaining reactions are all 6.0%). Because some reaction rate results are missing in

Reference 1 a separate set of experimental results are reproduced from Reference 7 in Table II (which gives

combined uncertainties for all reactions) to form a second basis for comparison. Regardless, unadjusted

reaction rate results from the fixed source MCNP6 calculations using MCNP6’s pre-packaged dosimetry

reaction cross sections are shown in Table III, results using IRDF-2002 multi-group dosimetry reaction cross

sections are shown in Table IV, and results using IRDFF v1.05 dosimetry reaction cross sections are shown

in Table V. Uncertainties are give for all calculated values in Tables III–V which can be propagated by the

interested reader.

Finally, calculation-to-experiment ratios (C/E) are given in Tables VI–XI. Averages are calculated by

position, by reaction, and overall to describe behavior on a spatial (location-wise), energy (reaction-wise),

and overall basis. This allows trends to be observed in several ways and more clearly than if the results were

given without any averages calculated. Location- and energy-wise trends could not be easily observed if an

overall average was the only value provided.

In all cases, the overall average C/E ratio is 1.04–1.06 suggesting that the calculation is slightly over-

predicting the reaction rates, on the average, at all positions. The two positions that disagree the most

are A3 and A7, both predominantly because of the disagreement of the neptunium reaction C/E ratio. Re-

gardless, the agreement between calculation and measurements observed herein are well within the accepted

uncertainties of the radiation metrology community (typically ±20% such as prescribed in Reference 28).

Comparing the dosimetry reaction cross sections packaged with MCNP6 and those provided by IRDF-

2002 and IRDFF v.105, there is on average ≥1–2% di�erence overall. In addition, each position and reaction

(with the exception of 58Ni (n, p) 58Co and 115In (n, nÕ) 115mIn) show an ≥1–2% di�erence. For 58Ni (n, p) 58Co

and 115In (n, nÕ) 115mIn, the C/E ratio is ≥4–5% higher at all dosimetry positions when compared to Ref-

erences 1, 7. As described previously, these data come from a di�erent dosimetry library than the other

four reactions. As such, the IRDF-2002 and IRDFF v1.05 results appear to agree within ≥1–2% with the

LLLDOS/ACTL results but there is a ≥4–5% discrepancy between the IRDF-2002 and IRDFF v1.05 and

532DOS results.
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V. Conclusions

All results presented herein agree well (generally within 5%) and are within the accepted range of the radiation

metrology community (generally within 20%). As such, we have shown MCNP6 to be a suitable tool for

reactor dosimetry analyses using explicitly-modeled CSG geometry with an application-specific source term.

We have also performed a comparison between MCNP6’s packaged dosimetry libraries, IRDF-2002, and

IRDFF v1.05; showing agreement within ≥5% and for the most part within ≥2%. However, based upon the

results herein, care should be taken when using the 532DOS library with MCNP6 because it exhibits greater

di�erences with IRDF-2002 and IRDFF v1.05 than the LLLDOS/ACTL library. Finally, we have determined

and documented the regulating and control rod geometry used herein as an aid to future analysts.

Future work includes a material sensitivity study using the model developed herein. This study would

be helpful in understanding the consistently high calculated results versus the measured reaction rates at

each of the dosimetry locations. Higher calculated values suggest that either the source term is flawed

(unlikely because of the validation provided by the eigenvalue calculation) or there is inadequate attenuation

between the source and dosimetry positions. Thus, the density and composition of excore components will

be varied to assess the e�ect on the calculated reaction rates. In addition, no (deterministic or Monte Carlo)

unstructured mesh (UM) analysis has been conducted for the PCA PVWBF so performing such an analysis

with MCNP6’s UM capability would be of interest. In terms of criticality analyses, it would be interesting

to use the explicit geometry herein to perform approach-to-criticality calculations to compare against the

PCA operational behavior.
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A Control & Regulating Rod Geometry

The details provided in this appendix are those received through private communication with the principal

author of Reference 16. They are reproduced here to provide future analysts a clear and consistent modeling

basis for the control and regulating rods.

There are three control rods and one regulating rod used in the PCA core. Critical rod positions are

specified in Figure 1.5 of Reference 1; however, the critical positions given in this appendix are based on those

used in Reference 16 and verified herein. The control rods are all inserted to the same axial position, with

the bottom of the rod housing 13.17 cm above the core midplane elevation. The regulating rod is inserted

such that the bottom of the rod is 5.89 cm above the core midplane elevation. The control rod consists of two

cylindrical lead rods situated within an aluminum sleeve surrounded by B4C enclosed within a racetrack-

shaped aluminum housing. The regulating rod is strictly stainless steel 347. Dimensioned cross-sectional

and elevation views of a typical control rod are shown in Figure 4 and similar views of the regulating rod

are shown in Figure 5.
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Tables

I Experimental Reaction Rates Converted from Fission-Equivalent Flux Values (and Associated

Uncertainties) from Reference 1

II Experimental Reaction Rates (and Associated Uncertainties) Reproduced from Reference 7

III Calculated Reaction Rates (and Associated Uncertainties) Using Packaged Dosimetry Cross

Sections

IV Calculated Reaction Rates (and Associated Uncertainties) Using IRDF-2002 Multi-group

Dosimetry Cross Sections

V Calculated Reaction Rates (and Associated Uncertainties) Using IRDFF v1.05 Dosimetry

Cross Sections

VI C/E Ratio Using Packaged Cross Sections versus Reference 1 Measurements

VII C/E Ratio Using Packaged Cross Sections versus Reference 7 Measurements

VIII C/E Ratio Using IRDF-2002 Cross Sections versus Reference 1 Measurements

IX C/E Ratio Using IRDF-2002 Cross Sections versus Reference 7 Measurements

X C/E Ratio Using IRDFF v.1.05 Cross Sections versus Reference 1 Measurements

XI C/E Ratio Using IRDFF v1.05 Cross Sections versus Reference 7 Measurements
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Table I: Experimental Reaction Rates Converted from Fission-Equivalent Flux Values (and Associated Un-
certainties) from Reference 1

Reaction Rate [rps per source neutron] (±1‡ Uncertainty)
Location 27Al (n, –) 58Ni (n,p) 103Rh (n,nÕ)

A1 5.55e-33 (1.0%) 6.35e-31 (1.4%) 4.06e-30 (1.0%)
A2 7.19e-34 (2.0%) 6.74e-32 (2.0%) — —
A3 3.16e-34 (1.0%) 2.52e-32 (1.4%) — —
A4 7.19e-35 (2.0%) 5.78e-33 (1.0%) 5.67e-32 (1.5%)
A5 2.89e-35 (2.2%) 2.28e-33 (1.8%) 3.19e-32 (5.0%)
A6 1.09e-35 (2.2%) 8.10e-34 (2.2%) 1.61e-32 (5.0%)
A7 — — — — — —

Location 115In (n,nÕ) 238U (n,f) 237Np (n,f)
A1 1.06e-30 (1.0%) — — 8.71e-30 (6.2%)
A2 1.15e-31 (2.0%) — — — —
A3 3.76e-32 (1.0%) — — 2.98e-31 (6.3%)
A4 1.11e-32 (0.7%) 1.86e-32 (6.9%) 1.22e-31 (5.5%)
A5 5.22e-33 (1.5%) 8.36e-33 (6.8%) 6.80e-32 (5.7%)
A6 2.21e-33 (3.0%) 3.42e-33 (7.1%) 3.54e-32 (5.8%)
A7 — — — — 9.51e-33 (9.2%)
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Table II: Experimental Reaction Rates (and Associated Uncertainties) Reproduced from Reference 7
Reaction Rate [rps per source neutron] (±1‡ Uncertainty)

Location 27Al (n, –) 58Ni (n,p) 103Rh (n,nÕ)
A1 5.48e-33 (6.0%) 6.31e-31 (6.0%) 4.06e-30 (6.0%)
A2 7.16e-34 (6.0%) 6.72e-32 (6.0%) 4.50e-31 (6.0%)
A3 3.13e-34 (6.0%) 2.50e-32 (6.0%) 1.47e-31 (6.0%)
A4 7.15e-35 (6.0%) 5.69e-33 (6.0%) 5.67e-32 (6.0%)
A5 2.92e-35 (6.0%) 2.25e-33 (6.0%) 3.24e-32 (6.0%)
A6 1.12e-35 (6.0%) 7.99e-34 (6.0%) 1.67e-32 (6.0%)
A7 — — — — 4.83e-33 (6.0%)

Location 115In (n,nÕ) 238U (n,f) 237Np (n,f)
A1 1.05e-30 (6.0%) — — — —
A2 1.14e-31 (6.0%) — — — —
A3 3.68e-32 (6.0%) 5.91e-32 (5.8%) 3.05e-31 (5.8%)
A4 1.11e-32 (6.0%) 1.79e-32 (11.0%) 1.20e-31 (10.5%)
A5 5.20e-33 (6.0%) 7.88e-33 (10.9%) 6.56e-32 (11.2%)
A6 2.23e-33 (6.0%) 3.26e-33 (11.1%) 3.47e-32 (10.6%)
A7 6.43e-34 (6.0%) 8.65e-34 (4.9%) 9.60e-33 (7.3%)
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Table III: Calculated Reaction Rates (and Associated Uncertainties) Using Packaged Dosimetry Cross Sec-
tions

Reaction Rate [rps per source neutron] (±1‡ Uncertainty)
Location 27Al (n, –) 58Ni (n,p) 103Rh (n,nÕ)

A1 5.44e-33 (1.2%) 6.19e-31 (0.5%) 4.37e-30 (0.5%)
A2 7.17e-34 (2.1%) 6.67e-32 (0.6%) 5.05e-31 (0.4%)
A3 3.17e-34 (1.7%) 2.55e-32 (0.5%) 1.64e-31 (0.4%)
A4 7.19e-35 (2.7%) 5.65e-33 (0.7%) 6.07e-32 (0.3%)
A5 2.89e-35 (2.2%) 2.25e-33 (0.6%) 3.28e-32 (0.3%)
A6 1.06e-35 (3.1%) 8.22e-34 (1.3%) 1.68e-32 (0.5%)
A7 3.54e-36 (2.0%) 2.25e-34 (0.7%) 5.06e-33 (0.3%)

Location 115In (n,nÕ) 238U (n,f) 237Np (n,f)
A1 1.05e-30 (0.4%) 1.85e-30 (0.5%) 9.62e-30 (0.7%)
A2 1.15e-31 (0.4%) 2.00e-31 (0.5%) 1.13e-30 (0.5%)
A3 3.92e-32 (0.4%) 7.03e-32 (0.4%) 3.63e-31 (0.4%)
A4 1.14e-32 (0.4%) 1.87e-32 (0.4%) 1.31e-31 (0.3%)
A5 5.26e-33 (0.4%) 8.26e-33 (0.4%) 7.19e-32 (0.3%)
A6 2.28e-33 (0.7%) 3.43e-33 (0.9%) 3.70e-32 (0.5%)
A7 6.37e-34 (0.4%) 9.09e-34 (0.5%) 1.13e-32 (0.4%)
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Table IV: Calculated Reaction Rates (and Associated Uncertainties) Using IRDF-2002 Multi-group Dosime-
try Cross Sections

Reaction Rate [rps per source neutron] (±1‡ Uncertainty)
Location 27Al (n, –) 58Ni (n,p) 103Rh (n,nÕ)

A1 5.39e-33 (1.2%) 6.40e-31 (0.5%) 4.36e-30 (0.5%)
A2 7.10e-34 (2.1%) 6.91e-32 (0.6%) 5.04e-31 (0.4%)
A3 3.14e-34 (1.7%) 2.64e-32 (0.5%) 1.64e-31 (0.4%)
A4 7.14e-35 (2.7%) 5.86e-33 (0.7%) 6.02e-32 (0.3%)
A5 2.87e-35 (2.2%) 2.33e-33 (0.6%) 3.22e-32 (0.3%)
A6 1.05e-35 (3.1%) 8.52e-34 (1.3%) 1.64e-32 (0.5%)
A7 3.51e-36 (2.0%) 2.34e-34 (0.7%) 4.92e-33 (0.3%)

Location 115In (n,nÕ) 238U (n,f) 237Np (n,f)
A1 1.10e-30 (0.4%) 1.82e-30 (0.5%) 9.65e-30 (0.6%)
A2 1.21e-31 (0.4%) 1.97e-31 (0.5%) 1.12e-30 (0.4%)
A3 4.10e-32 (0.4%) 6.92e-32 (0.4%) 3.63e-31 (0.4%)
A4 1.20e-32 (0.4%) 1.85e-32 (0.4%) 1.31e-31 (0.3%)
A5 5.58e-33 (0.4%) 8.15e-33 (0.4%) 7.23e-32 (0.3%)
A6 2.43e-33 (0.7%) 3.39e-33 (0.9%) 3.73e-32 (0.5%)
A7 6.80e-34 (0.4%) 8.98e-34 (0.5%) 1.15e-32 (0.3%)
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Table V: Calculated Reaction Rates (and Associated Uncertainties) Using IRDFF v1.05 Dosimetry Cross
Sections

Reaction Rate [rps per source neutron] (±1‡ Uncertainty)
Location 27Al (n, –) 58Ni (n,p) 103Rh (n,nÕ)

A1 5.28e-33 (1.2%) 6.40e-31 (0.5%) 4.36e-30 (0.5%)
A2 6.97e-34 (2.2%) 6.91e-32 (0.6%) 5.04e-31 (0.4%)
A3 3.08e-34 (1.8%) 2.64e-32 (0.5%) 1.64e-31 (0.4%)
A4 7.00e-35 (2.7%) 5.85e-33 (0.7%) 6.02e-32 (0.3%)
A5 2.82e-35 (2.2%) 2.33e-33 (0.6%) 3.22e-32 (0.3%)
A6 1.04e-35 (3.1%) 8.51e-34 (1.3%) 1.64e-32 (0.5%)
A7 3.45e-36 (2.0%) 2.33e-34 (0.7%) 4.91e-33 (0.3%)

Location 115In (n,nÕ) 238U (n,f) 237Np (n,f)
A1 1.09e-30 (0.4%) 1.82e-30 (0.5%) 9.60e-30 (0.7%)
A2 1.20e-31 (0.4%) 1.96e-31 (0.5%) 1.12e-30 (0.5%)
A3 4.08e-32 (0.4%) 6.91e-32 (0.4%) 3.63e-31 (0.4%)
A4 1.19e-32 (0.4%) 1.83e-32 (0.4%) 1.31e-31 (0.3%)
A5 5.55e-33 (0.4%) 8.09e-33 (0.4%) 7.23e-32 (0.3%)
A6 2.42e-33 (0.7%) 3.36e-33 (0.9%) 3.74e-32 (0.5%)
A7 6.77e-34 (0.4%) 8.89e-34 (0.5%) 1.15e-32 (0.4%)
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Table VI: C/E Ratio Using Packaged Cross Sections versus Reference 1 Measurements
Location 27Al (n, –) 58Ni (n,p) 103Rh (n,nÕ) 115In (n,nÕ) 238U (n,f) 237Np (n,f) Average

A1 0.98 0.97 1.08 0.99 — 1.10 1.02
A2 1.00 0.99 — 1.01 — — 1.00
A3 1.00 1.01 — 1.04 — 1.22 1.07
A4 1.00 0.98 1.07 1.03 1.00 1.07 1.03
A5 1.00 0.99 1.03 1.01 0.99 1.06 1.01
A6 0.98 1.02 1.05 1.03 1.01 1.04 1.02
A7 — — — — — 1.19 1.19

Average 0.99 0.99 1.06 1.02 1.00 1.11 1.05

20 of 31



Table VII: C/E Ratio Using Packaged Cross Sections versus Reference 7 Measurements
Location 27Al (n, –) 58Ni (n,p) 103Rh (n,nÕ) 115In (n,nÕ) 238U (n,f) 237Np (n,f) Average

A1 0.99 0.98 1.08 1.00 — — 1.01
A2 1.00 0.99 1.12 1.01 — — 1.03
A3 1.01 1.02 1.11 1.06 1.19 1.19 1.10
A4 1.01 0.99 1.07 1.03 1.04 1.09 1.04
A5 0.99 1.00 1.01 1.01 1.05 1.10 1.03
A6 0.95 1.03 1.01 1.02 1.05 1.07 1.02
A7 — — 1.05 0.99 1.05 1.18 1.07

Average 0.99 1.00 1.06 1.02 1.08 1.13 1.04
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Table VIII: C/E Ratio Using IRDF-2002 Cross Sections versus Reference 1 Measurements
Location 27Al (n, –) 58Ni (n,p) 103Rh (n,nÕ) 115In (n,nÕ) 238U (n,f) 237Np (n,f) Average

A1 0.97 1.01 1.07 1.04 — 1.11 1.04
A2 0.99 1.03 — 1.06 — — 1.03
A3 1.00 1.05 — 1.09 — 1.22 1.09
A4 0.99 1.01 1.06 1.08 0.99 1.07 1.03
A5 0.99 1.02 1.01 1.07 0.98 1.06 1.02
A6 0.97 1.05 1.02 1.10 0.99 1.05 1.03
A7 — — — — — 1.21 1.21

Average 0.99 1.03 1.04 1.07 0.99 1.12 1.06
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Table IX: C/E Ratio Using IRDF-2002 Cross Sections versus Reference 7 Measurements
Location 27Al (n, –) 58Ni (n,p) 103Rh (n,nÕ) 115In (n,nÕ) 238U (n,f) 237Np (n,f) Average

A1 0.98 1.01 1.08 1.05 — — 1.03
A2 0.99 1.03 1.12 1.06 — — 1.05
A3 1.00 1.06 1.12 1.11 1.17 1.19 1.11
A4 1.00 1.03 1.06 1.08 1.03 1.09 1.05
A5 0.98 1.04 0.99 1.07 1.03 1.10 1.04
A6 0.94 1.07 0.98 1.09 1.04 1.08 1.03
A7 — — 1.02 1.06 1.04 1.20 1.08

Average 0.98 1.04 1.05 1.07 1.06 1.13 1.06
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Table X: C/E Ratio Using IRDFF v.1.05 Cross Sections versus Reference 1 Measurements
Location 27Al (n, –) 58Ni (n,p) 103Rh (n,nÕ) 115In (n,nÕ) 238U (n,f) 237Np (n,f) Average

A1 0.95 1.01 1.07 1.03 — 1.10 1.03
A2 0.97 1.03 — 1.05 — — 1.02
A3 0.98 1.05 — 1.08 — 1.22 1.08
A4 0.97 1.01 1.06 1.08 0.98 1.07 1.03
A5 0.97 1.02 1.01 1.06 0.97 1.06 1.02
A6 0.95 1.05 1.02 1.09 0.98 1.05 1.02
A7 — — — — — 1.21 1.21

Average 0.97 1.03 1.04 1.07 0.98 1.12 1.06
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Table XI: C/E Ratio Using IRDFF v1.05 Cross Sections versus Reference 7 Measurements
Location 27Al (n, –) 58Ni (n,p) 103Rh (n,nÕ) 115In (n,nÕ) 238U (n,f) 237Np (n,f) Average

A1 0.96 1.01 1.08 1.04 — — 1.02
A2 0.97 1.03 1.12 1.05 — — 1.04
A3 0.99 1.06 1.12 1.11 1.17 1.19 1.11
A4 0.98 1.03 1.06 1.08 1.03 1.09 1.05
A5 0.96 1.04 0.99 1.07 1.03 1.10 1.03
A6 0.92 1.06 0.98 1.09 1.03 1.08 1.03
A7 — — 1.02 1.05 1.03 1.20 1.08

Average 0.96 1.04 1.05 1.07 1.06 1.13 1.05
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Figures

1 Plan View of ORNL PCA PVWBF Model

2 Detailed Plan View of ORNL PCA Control Rod Model And Surrounding Fuel Assembly

Geometry

3 IRDF-2002 Multi-Group Dosimetry Microscopic Cross Sections

4 Control Rod Dimensions (Plan View, Left, Through Break In Elevation View, Right)

5 Regulating Rod Dimensions (Plan View, Left, Through Break In Elevation View, Right)
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Figure 1: Plan View of ORNL PCA PVWBF Model
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Figure 2: Detailed Plan View of ORNL PCA Control Rod Model And Surrounding Fuel Assembly Geometry
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Figure 3: IRDF-2002 Multi-Group Dosimetry Microscopic Cross Sections
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Figure 4: Control Rod Dimensions (Plan View, Left, Through Break In Elevation View, Right)
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Figure 5: Regulating Rod Dimensions (Plan View, Left, Through Break In Elevation View, Right)
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